Transport and Subcellular Distribution of Nickel in the Olfactory System of Pikes and Rats. Tallkvist, J., Henriksson, J., d'Argy, R., and Tjalve, H. (1998) . Toxicol. Sci. 43, [196] [197] [198] [199] [200] [201] [202] [203] Occupational exposure to nickel by inhalation may result in impaired olfactory sense. Recent studies have shown that nickel is transported from the olfactory epithelium along the axons of the primary olfactory neurons to the brain. In the present study "Ni 2 " 1 " was applied in the olfactory chambers of pikes (Esox lucius) and the rate at which the metal was transported in the primary olfactory neurons was determined by /J-spectrometry. The results showed a wave of "Ni 2 " 1 " in the olfactory nerves, which slowly moved toward the olfactory bulbs. The maximal 63 Ni 2+ transport rate corresponding to the movement of the base of the wave front was found to be about 0.13 mm/h at the experimental temperature (10°C). This rate of 63 Ni 2+ transport falls into the class of slow axonal transport. Radioluminography of tape sections of a pike given "Ni 2 " 1 " in the right olfactory chamber showed a selective labeling of the right olfactory nerve. The subcellular distribution of 63 Ni 2+ in the olfactory nerves and the olfactory epithelium of the pikes was studied in tissues subjected to homogenizations and centrifugations, and these methods were also used to examine the subcellular distribution of 63 Ni 2+ in tissues of the olfactory system of rats given the metal intranasally. It was found that the 63 Ni 2+ , in both the pike and the rat, was present in the cytosol and also in association with various participate cell constituents. Gel filrrations of the cytosols showed that the "Ni 2 " 1 " mainly was eluted at a VJV O ratio corresponding to a MW of about 250. The same coefficient was obtained in gel filtrations performed with "Ni 2 " 1 " mixed with histidine in vitro. It is likely that the cytosolic nickel may be bound to histidine or possibly to other amino acids which are similar in size to histidine. Additionally, in the olfactory tissues of the rat the 63 Ni 2+ was partly present in the cytosol in association with a component with a MW of about 25,000. It is concluded that (i) 63 Ni 2+ is transported in the primary olfactory neurons by means of slow axonal transport, (ii) in this process the metal is bound to both particulate and soluble cytosolic constituents, and (iii) the metal shows this subcellular distribution also in other parts of the olfactory system, c of Toiicoloty.
Exposure to nickel by inhalation occurs in various workplaces, such as in the ore refining process, in alloy and stainless steel production, in nickel plating and nickel-cadmium battery factories, and in the welding of stainless steel (IARC, 1990; WHO, 1991) . Exposure may occur to soluble nickel compounds, such as nickel chloride or nickel sulfate, and to insoluble nickel compounds, such as nickel sulfide or nickel oxide. The respiratory tissues serve as a major site of deposition of inhaled nickel. Among these tissues the nasal epithelium is of special interest, since it has been shown to be a site in which injuries may be induced. Thus, impaired olfactory sense has been observed in workers exposed to soluble nickel compounds in electrorefining factories (Tatarskaya, 1960; Kucharin, 1970) . Occupational inhalation of nickel compounds can also result in morphological changes of the respiratory epithelium, which may be preneoplastic events (Torjussen et al, 1978; Klein-Szanto etal., 1987) . Cellular lesions and atrophy of the olfactory and respiratory epithelia have, in addition, been observed in rodents exposed to soluble or insoluble nickel compounds by inhalation (Benson et al., 1987 (Benson et al., , 1988 Evans etal, 1995) . The level of camosine, which is a neurochemical marker of functional primary olfactory neurons, has been shown to decrease in the olfactory epithelium and the olfactory bulbs of rats following inhalation of soluble nickel, indicating injuries of these cells (Evans et al, 1995) .
In the olfactory epithelium dendrites of the primary olfactory neurons are in contact with the environment in the nasal cavity, and via the axons these neurons are also connected with the olfactory bulbs of the brain. The olfactory neurons therefore provide a route by which materials taken up in the olfactory epithelium may be transported to the brain. We have recently shown that soluble nickel ( 63 NiCl 2 ) instilled intranasally in rats is taken up in the olfactory epithelium. The metal was then transported along the axons of the primary olfactory neurons to the glomeruli of the bulbs. Low levels of the metal were also found to migrate to the olfactory peduncle and tubercle and the anterior parts of the cerebral hemispheres (Henriksson et al., 1997) .
The olfactory nerves of pike have been shown to be suitable for studying axonal transport of proteins, amino acids, and metals (Gross and Kreutzberg, 1978; Gottofrey and Tjalve, 1991; Tjalve et ai, 1995) . In the present study we investigated the axonal transport and the subcellular distribution of nickel in the olfactory nerves of pikes after administration of the metal in the olfactory chambers. In addition, we examined the subcellular distribution of nickel in the olfactory system of rats after intranasal administration of the metal. The objective of the study was to bring insight into the mechanisms involved in the transport of nickel in the olfactory system.
MATERIALS AND METHODS

Chemicals
"NiCl 2> specific activity 12.5 mCi/mg Ni 2+ , dissolved in 0.1 M HC1, was purchased from Du Pont Scandinavia AB (Stockholm, Sweden). Sephadex G-75 Superfine and Superdex 30 Prep grade were obtained from Pharmacia Biotech AB (Uppsala, Sweden). Dextran blue, bovine serum albumin, carbonic anhydrase, cytochrome c, aprotinin, neurotensin, cytidin, L-histidine, and Lcamosine were obtained from Sigma Chemical Company (St. Louis, MO). Other chemicals used were purchased from Kebo AB (Stockholm, Sweden).
Animals
Ten pikes (Esox lucius) of both sexes, weighing 2.5-3.5 kg, were caught by net fishing in Lake MaUaren (Sigtuna, Sweden). They were kept at our laboratory in 200-liter all-glass aquaria in aerated tap water at 10 ± 0.5°C and were not fed during the experimental period. Twelve male Sprague-Dawley rats, weighing about 150 g, were obtained from Bantin and Kingman (Sollentuna, Sweden). The animals were housed 4 and 4 in macrolon cages at 22°C with a 12-h light/dark cycle, with free access to tap water and a standard pellet diet (R36; Lactamin AB, Vadstena, Sweden).
Experimental Procedures
Intranasal administration. The 63 Ni 2+ -solution was evaporated by N 2 gas and physiological saline was added to obtain 400 fig (5 mCi)/ml. Ten microliters (50 jiCi) of the "Ni 2 " 1 " solution was applied with a micropipette in the olfactory chambers of pikes, as described previously (Gottofrey and TjSlve, 1991) . The nares were closed with latex and sealed with tissue glue (Histoacryl Blau; B. Braun Melsungen AG, Melsungen, Germany) and the pikes were put back into the aquaria. After various periods the pikes were killed by cutting through the spinal cord just behind the roof of the skull bone, and the nasal epithelium and olfactory nerves were dissected as described previously (Gotofrey and TjSlve, 1991) . Rats were anesthetized by pentobarbital sodium (30 mg/kg body wt ip) and 10 /il (50 fiCi) 63 Ni 2+ solution was instilled in each nostril by means of a polyethene tubing connected to a Hamilton syringe, as described previously (Tjalve et ai, 1996) . The rats were killed after 1 day, 1 week, and 3 weeks by CO 2 asphyxiation. The olfactory epithelium, the olfactory bulbs, and a part designated basal hemisphere were removed. The latter comprised the olfactory peduncles and tubercles and the rostral parts of the frontal and cingulate corticis.
Cell fractionation. The tissues were homogenized in 20 vol 50 mM Tris-HCl (pH 7.4, 4°C) in Potter-Elvehjem homogenizers and subcellular fractions were separated by centrifugation at 4°C, according to Webb and Weinzieri (1972) . The obtained 600g pellet was considered to contain mainly nuclei and cell debris, the 12,000g pellet mainly mitochondria, and the 105,000g pellet mainly microsomes. The remaining 105,000g supernatant was considered to constitute the cytosol. The various pellets and aliquots of the supematants were dissolved in 1 ml of 1 M NaOH for determination of M Ni 2+ content by 8-spectrometry in a Packard CA 1900 Tri-Carb liquid scintillation analyzer, using Hionic fluor (Packard) as scintillation fluid. The parts of the supematants not used for the 6-spectrometry were stored at -80°C until they were used for gel filtration.
Gel filtration. The supematants were applied to either a Sephadex G-75 (70 X 1.5 cm) or a Superdex 30 column (30 X 0.6 cm), equilibrated at 4°C with 50 mM Tris-HCl (pH 7.4) containing 1 mM NiCl 2 X 6 H 2 O and 0.02% Na-azide. The absorbance at 280 nm was continuously recorded by an Altex Model 150 Biochemical UV Monitor, with 5-mm light path, connected to a Kipp and Zonen BD 41-printer. Samples of 3 ml (Sephadex G-75) or 0.7 ml (Superdex 30) were collected at a flow rate of 0.7 ml/min (Sephadex G-75) or 0.4 ml/min (Superdex 30). The amount of 63 Ni 2+ in the collected samples was determined by /3-spectrometry, using Ultima-Gold XR (Packard) as scintillation fluid. The MW standards were applied on the columns under the eluent. The void volumes (VJ of the columns were determined with dextran blue (MW 2 MD). The Sephadex G-75 column was calibrated with bovine serum albumin (MW 66 kDa), carbonic anhydrase (MW 29 kDa), cytochrome c (MW 12.4 kDa), and aprotinin (MW 6.5 kDa) and the Superdex 30 column with aprotinin, neurotensin (MW 1673 Da), and cytidine (MW 243 Da). The elution volume (VJ for each standard was determined spectrophotometrically by measuring the volume of the effluent collected from the point of sample application to the center of the effluent peak. To obtain the standard curves the molecular weights vs the VJV O for each standard were plotted on a semilogarithmic scale. Molecular weights of unknown peaks were determined by using the equations of the obtained standard curves.
Determination of "Ni** transport rate. The transport rate of 63 Ni 2+ in the olfactory nerves of pikes killed at different intervals after application of the metal in the olfactory chambers was determined as described previously (Gottofrey and Tjalve, 1991) . In this procedure, the olfactory nerves were dissected and cut into 4-mm segments for determination of 63 Ni 2+ contents by 0-spectrometry using Soluene 350 (Packard) for dissolving the tissue and Hionic fluor as scintillation fluid. The 63 Ni 2+ transport rate was calculated using linear regression analysis.
Radioluminography. One pike was given
63 Ni 2+ (4 jig; 50 /i.Ci) in the right nostril and killed after 8 days. The head was embedded in carboxymethyl cellulose and put in a hexane bath cooled to -78°C with CO 2 -ice. Sections were taken on tape (20 /j.m thick) in a Jung Cryomacrocut microtome (Leica, Germany) at -20°C, as described by Ullberg et al, (1982) . The sections were used for radioluminography. In this procedure the imaging plates were exposed to the tape-fastened sections for 7 days. The imaging plates were then analyzed using a bioimaging analyzer system (BAS 2000, Fuji, Japan) . In this system the radiation energy stored on the imaging plate is emitted as photostimulated luminiscence (PSL), having an intensity that is proportional to the radiation energy stored (Ahr and Steinke, 1994) . The PSL values are transformed into concentration units by means of M Ni 2+ standards (see below). The obtained pictures were displayed on a monitor and-with the aid of a mouse functionthe olfactory nerves and various regions of the CNS were delineated for calculation of average concentrations within the selected areas. In order to obtain a calibration curve known concentrations of "Ni 2 " 1 " were applied in gelatin capsules, which were embedded in carboxymethyl cellulose and sectioned on tape along with the head of the pike. A standard curve was prepared by plotting the concentrations of "Ni 2 ' 1 ' in the capsules vs the obtained photoluminescence values.
RESULTS
The cellular fractionation of the tissues of the rats killed 1 day, 1 week, and 3 weeks, respectively, after intranasal instillation of 63 Ni 2+ showed that about 60-70% of the metal in the olfactory epithelium was present in the supernatant, whereas in the olfactory bulb and the basal hemisphere about 70-80% of the 63 Ni 2+ was bound to paniculate cellular constituents (Table in the olfactory bulb and the basal hemisphere was associated with the 600g pellet. The 105,000g pellet contained low levels in all tissues. In the olfactory epithelium of the pikes killed after 4 and 10 days, respectively, about 60% of the 63 Ni 2+ was present in the supernatant and about 25% in the 600g pellet (Table 2 ). In the olfactory nerves the proportion of 63 Ni 2+ in the supernatant decreased from 69% at 4 days to 43% at 10 days, whereas in the 600g pellet of the nerve the proportion increased from 7% at 4 days to 28% at 10 days. Also in the olfactory epithelium and the olfactory nerves of the pikes the smallest proportion of the 63 Ni 2+ was present in the 105,000g pellet. The Sephadex G-75 filtrations of the supernatants of the rat tissues showed that the highest levels of 63 Ni 2+ were eluted in the total volume, containing materials with MW < 3000 (Fig.  1) . However, in both the olfactory epithelium and the olfactory with time. A low proportion of the Ni was, in addition, eluted with the void volume (MW > 80,000) in all tissues. In the olfactory epithelium and olfactory nerves of the pikes there was no elution of 63 Ni 2+ in association with MW 25,000. In both tissues of the pikes about 80-90% of the 63 Ni 2+ was eluted in the total volume (MW < 3000).
Superdex 30 nitrations were performed with supernatants of the olfactory epithelium and olfactory bulb of rats killed after 1 day and 1 week, respectively, and with supernatants of the olfactory epithelium and the olfactory nerves of pikes killed after 4 and 10 days, respectively. The results showed that at all intervals and tissues of both species about 90% of the 63 Ni 2+ was eluted at a VJV O ratio corresponding to a MW of about 250. In all instances, a small proportion was also eluted in the void volume corresponding to a MW > 10,000 (Fig. 2) . When 63 Ni 2+ and L-histidine were mixed in vitro and subsequently applied on the Superdex 30 column the 63 Ni 2+ was eluted in association with the UV peak of this amino acid. The VJV O ratio for L-histidine was the same as the dominating peak in the Superdex 30 nitrations of the tissue supernatants. When unbound 63 Ni 2+ was applied on the Superdex 30 column it was eluted in the total volume MW < 100 (Fig. 2) . Carnosine applied on the Superdex 30 column was eluted at a VJV O ratio which was lower than that for the peak of the tissue supernatants and the 63 Ni 2+ -histidine mixture.
The /3-spectrometry showed a wave of transported 63 Ni 2+ in the nerves of the pikes. The wave showed a profile which decreased in height with the distance along the nerve, and reached a point at which no more decrease was observed (Fig. 3) . This point was designated wave front base. The wave front base moved toward the olfactory bulb at a constant rate. This rate was calculated by plotting the move- 63 Ni 2+ alone was eluted at VJV O = 1.9, corresponding to the total volume (MW < 100).
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ment of the wave front base as a function of time (Fig. 4) . The velocity which reflects the maximal 63 Ni 2+ transport rate is given by the slope of the regression line obtained from this plot. Calculation of the transport velocity from the data in Fig. 4 gives a value for the transport of 63 Ni 2+ of 0.13 mm/h (p £ 0.05). It can be noted that the regression line is close to the zero of the time axis.
The radioluminographic images showed a high labeling of the right olfactory epithelium and right olfactory nerve in the pike killed 8 days after application of 63 Ni 2+ in the right olfactory chamber (Fig. 5) . The labeling of the left olfactory nerve was low. The level of 63 Ni 2+ was also low in all parts of the brain (olfactory bulbs, telencephalon, optic lobes, and cerebellum). The level of 63 Ni 2+ in the cerebrospinal fluid was higher than that in the rest of the brain (Fig. 5) . The results of the quantitative measurements are shown in Distance from olfactory chamber (mm) seen that the quantitative data correlate with the radiolumino graphic image described above.
DISCUSSION
The results of the present study have shown that nickel is transported slowly in the olfactory nerves of the pike. Thus, the data showed that there was a wave of nickel in the olfactory nerves which slowly moved toward the olfactory bulbs. The observation that the regression line related to the movement of this wave was close to zero of the time axis indicates that the 63 Ni 2+ transport is not markedly delayed due to uptake or somal processes in the nerve cells prior to the transport of the metal in the axons. The transport of nickel in the olfactory neurons occurs in an anterograde direction. This mode of transport has been shown to exhibit several distinct rate classes, the major ones being slow, intermediate, and fast. The rate by which nickel is transported (about 3 mm/day) falls into the class of slow axonal transport (««0.1-4 mm/day). Materials transported at this rate involve cytoskeletal proteins and various soluble enzymes, including cytoplasmic enzymes of intermediary metabolism (Vallee and Bloom, 1991; Nixon, 1992) . It is possible that the nickel within the olfactory nerves will adhere to and move with components undergoing slow axoplasmic transport. The slow rate by which nickel was transported in the olfactory nerves implied that the metal did not reach the brain of the pikes within the longest survival period used in the present study (10 days).
There is also a possibility that the movement of nickel in the olfactory system might be explained by diffusion. However, the observation that the transport of the nickel occurred at a constant rate does not support this assumption. In addition, diffusion of the metal over the long distances of nickel transport observed in the present study seems less likely.
The cellular fractionations of the olfactory neurons and the olfactory epithelium of the pikes and also of the tissues of the olfactory system of the rats showed that the nickel was present both in the soluble cell fraction (cytosol) and in association with various particulate cell constituents. This pattern of subcellular nickel distribution has been observed also in other tissues of nickel-treated animals (Webb and Weinzierl, 1972; Oskarsson and Tjalve, 1979; Herlant-Peers et al., 1983) . It should be noted that the cell fractionations include several steps, and there is a possibility that nickel loosely bound to particulate cellular constituents partly may dissociate during homogenization and centrifugation and consequently be released to the cytosol.
The gel filtration of the cytosols showed that the nickel mainly was eluted at a VJV 0 ratio corresponding to a MW of about 250. The same ratio was obtained in the gel nitrations performed with nickel mixed with L-histidine in vitro. It is well known that nickel has a strong affinity for histidine, and this amino acid appears to be a binding ligand for the metal in blood serum (Sarkar, 1984; Nieboer et al., 1984) . It is possible, therefore, that the cytosolic nickel may be bound to histidine. However, it cannot be excluded that the nickel may also bind to other amino acids which are similar in size to histidine.
The dipeptide carnosine (j3-alanyl-L-histidine), which is present in primary olfactory neurons (Margolis, 1974) , would potentially be a binding site for nickel. However, the gel filtrations in the present study showed no elution of cytosolic nickel at the VJV O ratio that was observed for carnosine.
The cellular fractionations of the rat tissues showed that a higher proportion of the nickel was present in the cytosols of the olfactory epithelia than of the olfactory bulbs and the basal hemisphere. It is possible that the newly absorbed nickel will remain in the cytosol for a period before it is incorporated into the particulate cellular constituents. In the rat-most marked in the olfactory epithelium-nickel was present in the cytosol (Oskarsson and Tjalve, 1979) . Our previous studies on the disposition of cadmium ( luy Cd ) and manganese ( M Mn 2 ) in the olfactory system of pikes have shown that these metals are transported in the olfactory nerves at a rate which is about 20 times higher as compared to nickel (Gottofrey and Tjalve, 1991; Tjalve et al., 1995) . When cadmium reached the terminal parts of the axon in the glomerular layer of the bulbs it appeared unable to pass the synapses to the secondary olfactory neurons. Manganese, on the other hand, easily passed the synapses and reached large areas of the brain. Similar results were obtained in rats (Tjalve et al., 1996) . Our previous study in rats indicated that nickel which reaches the axonal terminations of the primary olfactory neurons slowly passes to the interior of the bulbs and further to the olfactory peduncle and tubercle and the anterior parts of the cerebral hemispheres (Henriksson et al., 1997) . It appears that nickel, cadmium, and manganese behave differently in the olfactory system. The reason for the differences is not known, but may be related to varying affinities of the metals for tissue constituents.
As mentioned introductorily, exposure to soluble nickel compounds in electrorefining factories has been shown to impair the olfactory sense (Tatarskaya, 1960; Kucharin, 1970) and abnormal olfactory function has also been observed in rats exposed experimentally to the metal (Benson et al., 1987 (Benson et al., , 1988 Evans et al., 1995) . It is known that exposure to cadmium and nickel dust in alkaline battery factories is associated with anosmia (Friberg, 1950; Adams and Crabtree 1961) . It has been assumed that cadmium is the critical causative agent (see Hastings, 1990) . However, an experimental study in rats exposed to cadmium oxide by inhalation showed lack of negative effects on the olfactory function (Sun et al, 1996) . It is thus possible that nickel may contribute to the olfactory dysfunction in alkaline battery workers.
The mechanism by which nickel induces toxicity toward the olfactory system may involve increased formation of intracellular free radicals. Thus, nickel can directly catalyze the reduction of hydrogen peroxide to hydroxyl radicals (Torreilles and GueYin, 1990) . The metal can also inhibit free radical scavenging enzymes, such as catalase and superoxide dismutase (Rodriguez et al., 1990; Shainkin-Kestenbaum et al, 1991) and in addition alter glutathione metabolism (Athar et al, 1987) . It has been shown that nickel can promote lipid peroxidation in the brain of rats (Hasan and Ali, 1981) .
